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FOREWORD

This report was prepared by Aerojet-General Corporation
under Contract No. NAS8-2416 for the George C. Marshall
Space Flight Center of the National Aeronautics and Space
Administration. The work was administered under the
direction of the Propulsion and Vehicle Engineering Division,
Engineering Materials Branch of the George C. Marshall
Space Flight Center with W, B. McPherson acting as project
manager.

The assistance of the following Aerojet personnel whose
contributions did much to aid in the successful completion of
the program is acknowledged: R. E. Herfert, A. H. Hussung
and C. D. Hill of the Metallurgical Laboratories.
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ABSTRACT

/Y ¢r3 //’A/j\ﬁ

This program investigated the effects of explosive strain rates on
the mechanical and physical properties of the following metal alloys
and weldments:

2219-T37 Aluminum Alloy

2219-T87 Aluminum Alloy
5A1-2.58n Titanium Alloy (Annealed)
René 41 Nickel Alloy

As a result of the program, the following conclusions are drawn:

(a)

(b)

(c)

Mechanical properties generally show no detrimental effects
in the materials investigated when subjected to explosive
strain rates,

Residual stresses in 2219-T87 aluminum, formed hydraulically,

approach values which may be considered hazardous, as opposed
to stresses present in explosive forming which are at consider-

ably lower levels.

Changes in metallurgical structure resulting from explosive
straining are not evident, and differences in structure as a

result of strain rate within the range investigated can not be
determined microscopically. X-ray diffraction studies, however,
may be successful in detecting structural changes resulting from

strain rate application for specific materials only. de
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INTRODUCTION

1.1 PRIOR WORK

This contract was initiated on 27 June 1961 to investigate the

metallurgical effects engendered in metal alloys by explosive

forming. During the first year, the five metal alloys investi-
gated were:

5456-0 Aluminum Alloy
AISI 301 Stainless Steel
17-7 PH Stainless Steel
6Al1-4V Titanium Alloy
13V-11Cr-3Al Titanium Alloy

Test parameters included amount of strain, strain rate,
temperature during straining and heat treat condition. The
effects on mechanical properties and microstructural changes
were observed. A comprehensive literature survey was con-
ducted to obtain available information on the behavior of metals
subjected to various strain rates. Results of these investigations
are reported in the Annual Summary Report, No. 0513-01(01)FP,
dated 26 July 1962, by J. F. Wilkin, E. K. Henriksen,

I. Lieberman, and C. A. Landusky, Aerojet-General Corporation.

1.2 CURRENT PROGRAM

Since the size of domes required for space vehicles exceeds
rolling mill width, domes must either be formed in sections and
welded, or flat blanks must be welded and then formed.

Explosive forming techniques are generally applied because of
size limitations of other processes. The objective of this phase
of the contract was to study the mechanisms that operate at high
strain rates and to evaluate the effects of these mechanisms on
mechanical and physical properties of metal alloys and weldments
with emphasis placed on microstructural changes resulting from
explosive forming.

Materials which were tested during this period were nominally
0.100-inch thick and were as follows:




Alloy Filler Material
Aluminum Alloy 2219-T37 2319 Aluminum Alloy
Aluminum Alloy 2219-T87 2319 Aluminum Alloy
Titanium Alloy 5Al-2, 5Sn Parent Alloy

(Annealed)
Nickel Alloy René€ 41 Hastalloy W

(Solution Treated)

Suppliers!' certifications of the test materials used are given in
Table 1.

1.2.1 Test Procedures

For control purposes, mechanical properties tests were conducted
on all materials in the as-received condition, both longitudinal and
transverse to the rolling direction of the material, In addition,
control tests were made on welded transverse specimens with the
weld longitudinal to the roll and centered within the gage length,

Test blanks of each material were formed in such a manner that
biaxial strain was developed at conventional and at explosive form-
ing rates. The term ''conventional strain rate'' as applied in this
report refers to the strain rate which was applied to simulate con-
ventional forming processes such as press-working and hydro-forming,
while the "'explosive strain rate'' is that which results from forming
by the detonation of a high explosive charge. Where practicable,

the materials were deformed to total strains of approximately 40 per
cent and 75 per cent, expressed as per cent of maximum at fracture.
A limited number of uniaxially strained specimens were also pro-
vided for correlation between uniaxial and biaxial forming.
Subsequent to forming, the following mechanical properties were
determined:

Proportional limit

0. 2 per cent offset yield strength
Ultimate tensile strength

Notch sensitivity (NASA edge-notch test)
Per cent elongation in 2 inches

Per cent reduction of area

Modulus of elasticity

Microhardness




All prestrained specimens taken for tensile and notch tests were

oriented transverse to the rolling direction. Tensile specimens had
a 2-inch gage length and a 0,500-inch width. Edge-notch specimens
had a 2-inch gage length, a 1.000-inch width and a 0. 700-inch notch
root width, Root radius of the 60%notches was 0.001-inch maximum.

The microstructural study was made by optical and electron
microscopy. Lattice parameters were determined by X-ray
diffraction. Residual stresses were determined by a dome
sectioning method for 2219-T87 aluminum alloy.

1.2.2 Test Equipment

Biaxial straining of the test materials was accomplished by use of a
forming die which may utilize either a high explosive charge as in
Figure 1 or hydraulic fluid as in Figure 2 to form the test blank.

All test blanks were photogridded with a combined 0. 2-inch quadrille
and 0.1-inch polar grid to provide for measuring strain. The die
allowed for deep free-forming to fracture for determining fracture
strain., Then, adjusting die depth by placing a spacer and an insert
in the die, domes with a flat center section were formed. This pro-
vided flat balanced biaxially strained material from which tensile,
edge-notch, and microstructural specimens were cut. A number of
spacers and inserts were provided to allow for a wide range of
strains as required to form the various test materials.

Three hydraulic pump units were used with the die for hydraulic
bulge forming, depending on the pressure required. A Rucker
Circuit-Pak hydraulic unit provided a maximum pressure of 1, 500 psi
and a flow rate of 3GPM. A Worthington Reciprocating Pump
furnished 3, 000 psi, and a Sprague Pneumatic Diaphragm could
deliver up to 30, 000 psi, but at a very limited flow rate. For time-
pressure plots, a Bristol Circular Chart Recorder was used in
conjunction with the Worthington Pump, and a Bristol Strip Chart
Recorder was used with the Sprague Pump. No recording device
was used with the Rucker unit, but a stop-watch was used to obtain
total time of pressure application, and maximum pressure was read
from a pressure gage. Average strain rate was calculated by
dividing strain at the center of the dome by the total time of forming.

The explosive strain rate was previously found to be on the order of
100 in/in/sec.

Uniaxial prestraining of test specimens at the conventional strain
rate was performed in the tensile testing machine with a cross-head
velocity of 10 in/min. With approximately 3 inches of effective



length between grips, the resultant strain rate developed in the specimen
was 0.05 in/in/sec. All control and uniaxially prestrained specimens
were photogridded with parallel lines spaced 0.100-inch apart
transverse to the specimen. This facilitated measurement of strain
distribution in addition to elongation in 2 inches. Specimens
machined with excess width in the gage length were strained at the
0.05 in/in/sec rate to fracture and to approximately 75 per cent of
fracture. After prestraining the wide specimens, tensile specimens
were remachined to the standard 0.500-inch width, edge-notch
specimens were remachined to the 1.000-inch width, and the notches
were added. Additional specimens were sectioned and mounted for
microstructural study.

The Dynamic Test Fixture, Figure 3, was used for the explosive
straining., Fracture strain only was developed in uniaxial specimens
at the explosive strain rate of approximately 100 in/in/sec.

1.2.3 Comparison of Test Results

In order to evaluate and compare test results from uniaxially and
biaxially stressed material, the prestrain was converted to octahedral
shear strain., The octahedral shear strain is the shear strain found
in the octahedral plane. The normal to this plane forms equal angles
of 54° 44' with the directions of the three principal strains. The true
octahedral shear strain,

- Z - _
¥ = \]€2+52+E3
1 2 3

Vs

where &, &2, and €, are the principal true strains. In the case

of uniaxial stress, ¥ = V 2 El’ and for balanced biaxial stress,

¥=2 VZ El . The true strain,

€ - an(l +E)

where £ is the measured strain.



DISCUSSION

2.1 2219 ALUMINUM ALLOY

The 2219 aluminum sheet material was received in the T37 condition.
A recommended heat cycle for aging to the T87 condition was evaluated
on a representative sample. The aging cycle employed was 325°F for
14 hours. Since the resulting mechanical properties given in Table II
agree closely with published properties, the above heat cycle was
adopted for use in this program where T87 condition material was
required,

2,1.1 Welding Procedure

Qualification welds of 2219-T87 aluminum conformed to Specification
ABMA-DD-R27A, A-1, Class II, upon radiographic inspection.
Blanks were then prepared for biaxial forming. Welding was done on
an Airline Stake Welder with 3/4-inch finger spacing, using a Vickers
"Controlarc' 300DC Welder power supply and a Linde '"Heliarc"
Automatic Welding Machine, The weld schedule used was as follows:

Preparation: Draw file edges, remove wire edge.
Etch: Caustic and nitric solutions.
Hold-Down: Table with 2~-inch x 2-inch run-in

and run-out tabs.
Equipment: Automatic Direct Current Single Pole.

Backup Material: Copper with groove 0. 250-inch wide x
0.062-inch deep.

Amperes: 145

Volts: 15

Travel Speed: 14 IPM

Filler Metal Type: 2319

Filler Metal Size: 0.045-inch diameter.
5



Filler Metal Feed: 60 IPM
Atmosphere: Helium
Flow Rate: 50 CFH
Electrode: 2% thoriated tungsten,

0.125-inch diameter.
Electrode Holder Angle: Vertical

After welding was completed, the welds were machined flush with
the sheet material and radiographically inspected. The composite
polar and quadrille photogrid was then applied to the test blanks.

2.1.2 Forming Unwelded Blanks

In preliminary testing of the forming die, unwelded hot rolled steel
blanks were used in 7 shots to assist in determining explosive charge
sizes and details of die setup without using the more expensive test
materials, After fracturing two blanks, five symmetrical domes
were then formed, including three using an insert as shown in
Table III. The same size charge, which fractured a blank in free-
forming produced an integral dome when an insert was used. Four
2219-T37 and two 2219-T87 aluminum unwelded blanks were then
formed. These included four domes for a preliminary experiment
to determine the effect on mechanical properties of explosive form-
ing before and after aging 2219 alloy from T37 to T87 condition.
Comparison was also made with unstrained material. The four
domes used in the experiment are shown in Figure 4 and the tensile
specimens are marked on each dome as they were subsequently cut.
Prestrain and mechanical properties data are presented in Table IV
and are plotted in Figure 5.

Strain was equally distributed throughout the flat portion of the
domes. The fracture in Dome No., 12 was basically longitudinal
and off-center a sufficient distance to allow the cutting of three
longitudinal specimens from the center of the dome. To avoid con-
founding the effects of directionality and per cent prestrain, all
specimens from the four domes were cut in the longitudinal
direction, as there was variation in prestrain among domes.



In referring to Domes No, 10 and No. 11 in Table IV, it may be
observed that the yield and ultimate strengths of material aged
subsequent to forming appear to be practically insensitive to the
degree of prestrain. There is only a very slight increase in
strength over the unstrained material.

Domes No. 12 and 13, formed after aging, gained in both yield and
ultimate strengths. The average yield strength increased 15 per cent
and the average ultimate strength increased 4.5 per cent when form-
ing was done in the T87 temper. It would, therefore, be advantageous
to form in the aged condition for improvement of strength if a reduction
in elongation from 13.7 to 10.5 per cent could be tolerated in the blank
material as indicated in Tables IV and XIV.

2.1.3 Forming Welded Blanks

A welded hot-rolled steel blank was free-formed in the die using

the identical charge of a previously formed unwelded blanks as
reported in Table III. The resulting deflection was less than the
unwelded dome, as reinforcement was apparently provided by the
weld, but the dome formed symmetrically without fracture. A
welded 2219-T87 aluminum blank was set up and fired in the same
manner as a previously formed unwelded blank. The weld

fractured, and the sheet material fractured below and roughly
concentric with the draw radius. The flange drew in on the weld
diameter but increased on the diameter perpendicular to the weld,
indicating that the weld fractured early in the process and the
pressures forced the material outward transverse to the weld seam.
On subsequent tests, the charge and the blank diameter were reduced,
but the weld fractured in each case from the apex into the flange area,.
One blank was formed with a hot-rolled steel cover sheet, but the
weld fractured. A blank was then hydraulically formed to deter mine
if the weld fracturing was a strain rate effect. With a very moderate
deflection of 0.4-inch, the weld fractured for a length of 10.5 inches,
indicating that weld failure is not to be ascribed to the explosive
strain rate which was employed.

Strain was measured on three of the domes, transverse to the weld
and across the fracture shown in Table V. It was found that the
strain was concentrated within the weld area, and no strain could be
detected outside of an original 0.4-inch width. Therefore, this zone
was used as the basis for comparing elongation of the weld in the
three domes. In comparing the two explosively formed domes with



the hydraulically formed dome (the last three domes shown in Table V),
there appears to be a definite strain rate effect on elongation but with
the strain confined to the weld zone. This elongation will not reflect
itself appreciably in any increase in deflection as it is confined to a
very narrow zone of only 0.4-inch as shown in Table V. It is
apparent that the ultimate strength of the weld is lower than the

yield strength of the sheet material in the T87 condition., The larger
deflections shown for the explosively formed units are due to kinetic
energy imparted to the material by the explosive charge which is
still acting after fracture has occurred. With hydraulic forming, all
pressure is released immediately upon fracture and resulting
deflection appears much smaller,

2.1.4 Control and Uniaxial Strain Tests

Control tests for unwelded and welded material in Table XVI show
that elongation in 2 inches is 10 per cent for unwelded material and
3.5 per cent for welded. Ultimate tensile strength of welded
specimens is 38 ksi, while the yield strength of the unwelded
specimens is 59 ksi. This fully accounts for the concentration of
strain in the weld zone and confirms the explanation given above for
the observed behavior.

Unwelded and welded specimens were explosively strained to fracture,
and the per cent elongation is given at the end of Table XVI. Strain
distribution curves are given for each specimen in Figures 6 and 7.
The unwelded specimens show uniform strain except in the necked
region adjacent to fracture, while strain in the welded specimens is
concentrated entirely in the original 0.4 to 0. 5-inch at the weld zone.

Uniaxially strained specimens displayed the same strain rate effect
as the biaxially formed blanks in that elongation increased substantially
at the higher strain rate for both unwelded and welded material.

Additional tensile tests were made on T87 welded material with the
weld oriented on the longitudinal axes of the specimens. Specimens
were also strained to fracture at conventional and explosive strain
rates to reveal any possible strain rate effects on ductility. Results
of these tests are given in Table VI. In comparing with the transverse
welded control specimens in Table XVI, yield strengths are essentially
the same, while ultimate tensile strengths varied from 38 ksi in
transverse welds to 48 ksi in the longitudinal welds. Elongation in the
longitudinal welds exceeds that of unwelded material in the standard
tensile test and at the conventional strain rate, while elongation at the




explosive strain rate is slightly less in the longitudinal welds than in
unwelded material, Where the parent material serves to reinforce
the structural integrity of a welded unit, the elongation and mechani-
cal properties will be improved over that specimen where the forces
act only on the weldment and the parent material does not make a
contribution.

2.1.5 Forming Welded Blanks in the T42 Condition

In view of the high strength differential between parent metal and
weld metal in 2219-T87 welded aluminum blanks, an effort was made
to increase the formability of the material by post-weld heat treating
to achieve approximately equal yield strength in the sheet and weld
material -~ a necessary condition for uniform forming.

Recommendations received from Alcoa indicated that welded
material should be re-solution heat-treated to the T42 condition
for best forming. This lowers the strength below a useful level,
but aging the material to the T62 condition increases the strength
level while achieving equal yield strength in the sheet and weld.

To check formability of welded blanks in the T42 condition, four
T87 condition blanks were re-solution heat-treated at 1000°F for

40 minutes and cold water quenched., Welds were machined flush on
two of the blanks, while the weld bead was left on two blanks to take
advantage of the area reinforcement; however, the weld bead was
ground flush in the flange area to avoid interference when clamping
in the die. One blank with the flush weld and one with the retained
weld bead were formed explosively, and one with each type of weld
was formed hydraulically. All blanks were cut 19 inches in diameter,
and identical forming conditions were applied to each explosively
formed blank. The results of forming two blanks in the T87 condi-
tion with flush weld, formed under the same conditions and reported
in Table V, are included in Table VII and Figure 8 for comparative
purposes. '

The T87 dome, formed explosively, fractured early in the process
and was driven out as well as down, causing the flange to increase
on a diameter perpendicular to the weld, as shown in Table VII. A
similar blank, formed hydraulically, fractured along the weld with
only 0. 4-inch deflection. The explosively formed T42 blank with
flush weld formed deeper than the blank in the T87 condition with



small fracture dimensions and no increase in flange width, which
would indicate that the fracture occurred later in the forming
process. A similar blank, formed hydraulically, drew 5.4 inches
deep, and the fracture intersected the weld but did not progress
along it. The T42 blank, with weld reinforcement and formed
explosively, fractured adjacent to the weld and appeared to fracture
earlier in the forming process than the blank with the flush weld.
The comparable blank, formed hydraulically, did not fracture but
continued to draw to 6-inch deflection until one side of the flange
drew past the draw radius, and hydraulic pressure was lost. In
comparing formability of the four T42 domes, it may be concluded
that increased forming was obtained by the hydraulic process,
while greater forming was accomplished by the explosive method
in T87 material. The apparent reversal of strain rate sensitivity
may be ascribed to the change in heat treat condition. Prior to a
solid conclusion, additional investigation on behavior of this material
under various conditions is recommended.

Tensile specimens were cut from unformed 2219-T42 material

from which the welded blanks were prepared. As shown in Table
VIII, parent material exhibited very little scatter in mechanical
properties values, but the welded specimens showed very wide
scatter in ultimate tensile strength, per cent elongation in 2 inches,
and per cent reduction of area, although yield strength was

consistent and comparable to the values obtained for parent material,
All welds passed radiographic inspection per Specification ABMA-DD-
R27A-1, A-1, Class II. It was anticipated that some evaluation could
be made of the contribution offered by the unground bead over the
flush weld; however due to the wide scatter observed for the welded
material, no valid conclusion can be drawn.

Metallographic specimens were cut from the apex area of each
dome shown in Figure 8, and selected photomicrographs of the
parent metal, the heat-affected zone, and the fracture are shown

in Figures 9 through 12. There were no visible differences between
explosively formed and hydraulically formed materials. Figure 9
clearly shows the grain growth in the parent material due to the
re-solution heat treatment from T87 to the T42 condition. In
Figure 10, a precipitate appears as an intermittent line at the

edge of the heat-affected zone in the T42 material and change in
grain size is abrupt at this plane. Fracture surfaces are shown

in Figure 11 from a T87 and a T42 dome, both explosively formed.
In the T42 material, there are a number of intergranular cracks
extending into the material from the major fracture. Evidence of
this is also observed in Figure 12A in a hydraulically formed dome.
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2.1.6 Forming Unwelded Blanks

Because of the difficulties experienced in forming welded 2219
aluminum alloy in the conditions described above, further investi-
gation of this material was directed towards forming unwelded
specimens in the T37 and T87 conditions. Explosive forming data
for T37 and T87 domes are presented in Tables IX and X, and the
hydraulic forming data for all materials are presented in Table XI.
Four aluminum domes in each condition and formed by each of the
two processes were selected for sectioning into tensile, edge-notch,
and microstructural specimens. Two additional domes in the T87
condition were free-formed by each process for the residual stress
study. The data presented in Tables IX, X, and XI are cross-
referenced through the column designated ''Blank Number' to the
results presented in Tables XV and XVII,

2.1.7 Discussion of Test Results With Unwelded 2219-T37
Aluminum Alloy

Tensile properties of 2219-T37 aluminum are given in Tables XIV
and XV, and microhardness values for all materials are listed in
Table XXIII. Values of ultimate strength, yield strength, notch
strength, and proportional limit are plotted in Figures 13, 15, and
17. From these graphs, ultimate, yield, and notch strength values
for common points of strain are listed in Table XXII and notch-to-
yield strength and notch-to-ultimate strength ratios are calculated.
These ratios together with elongation and reduction of area are
plotted in Figures 14, 16, and 18,

Ultimate strength, yield strength, proportional limit and Knoop
hardness consistently increased with strain while notch strength
decreased with uniaxial conventional and biaxial explosive straining,
but increased with biaxial conventional straining. Elongation and
reduction of area decreased with strain in all cases., N and N
ratios also decreased with strain in uniaxial conventio¥al and
biaxial explosive forming while remaining nearly constant with

biaxial conventional strain.

In photomicrographs, Figures 19 through 22, no change in

structure due to strain or strain rate is visible. Figure 19A shows
the general structure of the unstrained material at 100X. Elongated
grains, due to rolling, and a fine precipitate are visible. At 2000X,
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Figure 19B, intragranular inclusions are observed. Comparing to
Figures 20 and 21, no significant difference is seen in material
with biaxial explosive strain of 10 per cent elongation or biaxial
conventional strain with 10.5 per cent elongation. The electron
micrograph in Figure 22 shows grain boundaries and intragranular
inclusions but no effects of straining.

X-ray diffraction data are listed in Table XXIV, The lattice
parameter, taken in the (420) direction, indicated no significant
change from the control level in uniaxial conventional straining,

but in biaxial conventional straining the lattice parameter decreased,
while in biaxial explosive straining there was a marked increase.

In the case of uniaxial conventional forming, sufficient time and
direction were available for energy transfer by crystal slip.
Decrease in notch strength of biaxial conventional strained speci-
mens may be accounted for by the decreased lattice parameter,
indicating the formation of intergranular precipitation which would
serve to act as fracture initiating sites. The increase in lattice
parameter for biaxial explosive strained specimens may be attributed
to energy absorption by the unit crystallographic cells, resulting in
a lattice distortion and expansion. No precipitation is indicated,

and the notch strength increased.

Measurements of the half-height width of the diffraction peaks
indicate a given microstress level and are measures of dislocation
densities and atomic site displacements. There was no significant
change in microstress level induced by straining or strain rate. A
change of 0.20° may be regarded as significant.

2.1.8 Discussion of Test Results with 2219-T87 Aluminum Alloy

Mechanical properties for the aluminum in the T87 condition are
tabulated in Tables XVI, XVII, and XXIII, and are plotted in
Figures 23 through 28. Ultimate strength increased slightly with
strain in uniaxial and biaxial straining with no difference due to
strain rate. Yield strength increased markedly with initial strain
and remained fairly constant with additional strain, regardless of
strain rate. Proportional limit increased with strain in uniaxial
and biaxial conventional straining but decreased with biaxial
explosive straining, Notch strength decreased with strain in
uniaxial conventional and biaxial explosive straining but increased
and then decreased slightly with biaxial conventional strain. Knoop
hardness did not change appreciably with strain or strain rate.

12
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Elongation and the N ratio decreased with strain in all cases.
Reduction of area increased slightly in uniaxial and biaxial con-
ventional straining while decreasing slightly with biaxial explosive
straining, but the spread of values is too wide to accurately define
these trends. _\. ratio decreased with uniaxial conventional and
biaxial explosive straining while remaining nearly constant with
biaxial conventional straining.

Comparing major trends of the mechanical properties for 2219
aluminum in the T87 condition to the properties for the T37
condition plotted in Figures 13 through 18, it is observed that the
T87 condition being at a higher strength level in the initial
condition behaves as expected and the increases due to straining
are at a reduced rate as compared to the T37 which is at lower
strength values in its initial condition. The properties of the
material in the T37 condition after straining tend to approach the
values of the properties shown for the T87 condition but never do
reach the same levels,

As in the T37 condition material, there were no visible differences

in the photomicrographs at any magnification due to strain or strain
rate. Figure 29 shows the parent material with grain boundaries,
and intragranular inclusions visible at 2000X are shown in Figure
29B. Figure 30A shows a welded specimen in the weld zone near

the parent material where a coarse structure of dendritic grains

is seen. In Figures 31A and 31B, thickening of the grain boundaries
and the formation of a secondary fine precipitate may be seen in the
heat-affected zone at 2000X, while additional precipitate came out of
solution in the weld zone as the result of the increase in temperature.

Micrographs to 24, 000X were processed for specimens strained
biaxial conventionally and biaxial explosively, and no evidence of
strain rate effects are observed.

As may be observed in Table XXIV, there were no significant changes
in the lattice parameter. Microstresses are uniform with the
exception of the welded specimen which shows a decrease in the
half-height width. This may be attributed to stress relievement or
substructure grain refinement due to heat application at welding.

2.1.9 Residual Stress Testing and Analysis
Experimental residual stress analysis was performed on domes

87-16 and 87-17 which were explosively formed, and domes 87-13
and 87-15 which were hydraulically formed.
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The investigation method is based on measuring deformations after
sectioning in two steps. The first step is cutting the domes into
rings and measuring the diameter change, D;, of each ring.

The second step is cutting the rings open and measuring the relative
motions of the free ends. The method is described in full detail in
Appendix B in the Annual Summary Report, No. 0513-01(01)FP,
dated 26 July 1962,

The measured deformations and the calculated stresses are shown
graphically in Figures 32 through 39. All graphs for deformations
as well as for stresses show the wavy variation pattern which is
characteristic for effects of edge disturbances on shells.

The deformations and stresses increase with dome deflection. The
stresses are very much lower in the explosively formed domes than
in the hydraulically formed domes. The stresses may be highly
sensitive to even minute changes in the dome contour. An example
is the local peak of 64, 000 psi (approximately) near the apex of
dome 87-17 (Figure 35). This dome has developed a very slight
dimple at the center. The dimple was barely noticeable to the eye,
but could be traced clearly by analysis of the measured points.

The severity of residual stresses is evaluated by comparison with
the yield stress of the material -~ in this case approximately
60, 000 psi.

For the explosively formed domes, the stresses (apart from the
localized peak described above) are generally below 20-25 per cent
of yield and may be characterized as low to moderate. The stresses
in the explosively formed domes present no structural hazard.

They may cause problems in one-sided metal removal, such as in
the case of chemical milling or surface machining. Depending on
the susceptibility of the material to stress corrosion, which was
not determined within this program, the stress peaks may be high
enough to cause such type of chemical attack.

The hydraulically formed domes are stressed to the yield point over
large areas. This stress condition represents a structural hazard,
and will cause severe warping in the case of a one-sided metal
removal operation. It is certain to cause serious chemical attack
if the metal in this condition is exposed to aggressive liquids.
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The striking difference between the stress levels and distributions for
the two forming methods is fundamentally a result of the difference in

strain distribution.

A comparison between the scale drawings of the

domes inserted in the graphs shows that the hydraulically formed
domes have greater deflections without correspondingly greater flange
diameter reductions, and the dome contours also have large, rather

flat areas in the center,

The contours of the explosively free-formed

domes are much closer approximations to the ideal contour for a
pressure vessel closure than hydraulically formed domes and are
therefore less susceptible to the build-up of residual stress.

2.2 5A1-2.55Sn TITANIUM ALLOY

Acceptable qualification welds were obtained by using the welding
schedule given below,

Hold-Down
Equipment

Backup Material
Amperes

Volts

Travel Speed
Filler Metal Type
Filler Metal Size
Filler Metal Feed
Purge Gas - Argon

Torch Gas - Argon
- Helium

Trail Cup Gas - Argon

Electrode

Electrode Holder Angle

Pass 1

Pass 2

Pass 3

Table with 2-inch x 2-inch run-in and run-out tabs

Automatic Direct Current Single Pole

Copper with groave 0.625-inch wide x .080-inch deep

100
9
6 IPM

20 CFH

15 CFH
15 CFH

50 CFH

115
10
6 IFM
5Al-2,55n Ti
.043
14 IPM
20 CFH

30 CFH

50 CFH

120
10.5
6 IPM
5Al1-2,5Sn
. 043
8 IPM
20 CFH

30 CFH

50 CFH

Ti

2% thoriated tungsten, 0.125-inch diameter.

Vertical

Vertical

Vertical




The edges were beveled 45° with a 0.020-inch square land. The same
equipment was used as on the aluminum, and three passes were made;
one fusion pass and two with filler wire. Edges were wire brushed
and cleaned with alcohol prior to welding.

All welds were subjected to radiographic inspection. The sheets
warped in welding which prevented the welds from being machined
flush; thus some weld reinforcement was available in the joint.
Welds in blanks used in biaxial forming were ground flush outward
from a 12-inch diameter, however, to prevent interference in the
die and to allow for equal clamping over the entire flange area.

Five welded titanium blanks were explosively formed as shown in
Table XII. Three of the domes fractured in the heat-affected zone,
and a maximurn of 1 per cent elongation developed in the apex area
of one of the two non-fractured domes.

Five welded blanks were hydraulically formed. Two of these
fractured along the heat-affected zone with only minimal strains.

Two non-fractured, explosively formed domes and two non-fractured,
hydraulically formed domes were sectioned for tensile testing and
microstructural examination., Microstructure of two of the fractured
domes was also examined. One dome formed by each method was
free-formed, but the apex area was sufficiently flat to obtain tensile
specimens. No edge-notch tests were made of the biaxially stressed
material due to limited available area in the formed units from which
test specimens could be obtained.

Although welded blanks fractured along the weld in biaxial forming,
all welded control and uniaxially strained specimens fractured in
parent material at least 1/2-inch from the weld area. Tensile
specimens cut from the domes also fractured in parent material.

Necking occurred in uniaxially prestrained specimens at generally
less than half of fracture strain and as low as 39 per cent of fracture
strain. Therefore, the prestrain to which uniaxial specimens were
subjected was kept below the value at which necking would take place.
However, this condition is generally found in the earlier types of
material, but should be eliminated or at least greatly reduced in

the newer forms of titanium alloys which are more closely controlled
in the interstitials, hydrogen, oxygen, and nitrogen, and are

reputed to strain in a more uniform manner.
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2.2.1 Discussion of Test Results, 5Al-2.55n Titanium

Mechanical properties are listed in Tables XVIII, XIX, XXII, and
XXIII and are plotted in Figures 40 through 47. In unwelded
material subjected to uniaxial straining, ultimate strength, yield
strength, notch strength, proportional limit, and hardness
increased moderately while elongation, reduction of area, =—— and
decreased slightly with strain., Welded specimens which were
uniaxially strained exhibited increased ultimate strength, yield
strength, and proportional limit similar to results obtained with
unwelded material but showed a decrease in hardness and in
reduction of area. The elongation remained nearly constant for
the welded material inasmuch as the weld served as a reinforcement
at the center of the gage length. The reduced gage width occurred
on both sides of the weld, and a larger contribution to the elongation
was made by the bisected gage length over the integral gage length of
the unwelded bar.

N
~

Of the four domes which were sectioned and tested, only one
sustained enough strain in the apex area to be measurable. This
strain was found to be 1 per cent in an explosively formed dome.
Tests were mude to determine whether mechanical properties had
been affected either by gradual or impulsive loading. There are
only slight differences in properties between unformed and the
biaxially formed material and these may not be significant. For
both forming processes, ultimate strength, proportional limit, and
elongation increased after forming while yield strength remained
constant. Hardness and reduction of area decreased with biaxial
conventional forming while they remained constant with explosive
forming. The small changes in value truly reflect the minimal
strains which could be found after forming in both processes.

Photomicrographs revealed no change in structure due to strain or
strain rate, but the structure resulting from the welding indicated
the probable cause of fracture at the low strain levels. Figures 48A
and 48B show the parent metal, heat-affected zone and the weld
material with precipitate tending to coalesce in the heat-affected
zone. Microstructure of the weld shows typical Widmannstatten
structure of alpha titanium. Figure 49 shows the parent metal and
weld zone at a higher magnification with intergranular precipitate
visible in the parent material. In the electron micrographs, Figure
50, the intergranular structure of the parent metal shows striations
of twinning, and the weld material shows chevrons due to
Widmannstatten structure. Within the scope of this program,
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examination of welded specimens taken from formed domes, formed
by conventional and explosive techniques, does not show any
structural effects as a result of the forming process. Careful
comparisons of unstrained and strained specimens did not reveal
effects due to forming,

The data obtained from X-ray diffraction of selected specimens are
shown in Table XXIV,

In obtaining lattice parameter values, the a-axis values were taken
in the (103) direction, and the c-axis values were taken in the (002)
direction. The increase of lattice parameter values for specimens
listed over the theoretical values for pure alpha titanium of 4, 686
for the c-axis and 2. 950 for the a-axis are due to solution of the
aluminum-tin matrix. The decrease in a-axis values results in identi-
cal crystallographic volumes. The scatter in the parameter data is
due to inhomogeneities and segregation, and are not related to the
straining conditions. Decrease in microstress levels of the welded
and strained specimens from that of the unwelded control specimen
is due to stress relievement during the welding process.

/
2.3 RENE 41

Qualifying welds which were acceptable in radiographic inspection
were produced by the following schedule. Test blanks for biaxial
forming were then welded according to the same procedure,

Preparation: Sand weld areas, disc sand mating
edges, remove wire edge, wash with
alcohol.

Hold-Down: Airline Seamwelder with 2-inch x

2-inch run-in and run-out tabs.

Joint: Flush and square,
Equipment: Automatic Direct Current Single Pole.
Filler Material: Hastalloy W
Filler Material Diameter: 0.062-inch
Backup Material: Copper
Backup Configuration: 0.062-inch x 0. 250-inch groove.
18



Amperes: 140-145

Volts: 10-11

Weld Speed: 10 IPM

Atmosphere: Argon-Helium

Flow Rate (Torch): 10 CFH Argon, 10 CFH Helium
Backup Gas: Argon

Flow Rate (Backup): 20 CFH

Electrode: 2% Thoriated Tungsten,

0.062-inch diameter.

Very little warping resulted from the welding, and the welds were
machined flush. All straining of this material was done in the
solution-treated condition and all testing was done after an aging
treatment of 1400°F for 16 hours and air-cooled. All specimens
were aged simultaneously to eliminate possible variations in
properties due to heat-treatment.

Three unwelded blanks and six welded blanks were explosively
formed, and the data are given in Table XIII. Maximum elongation
achieved without fracture was 15 per cent in unwelded material and

7 per cent in welded domes. As shown in Table XX, unwelded
specimens uniaxially strained conventionally and explosively to
fracture, elongated from 45 to 50.5 per cent while welded specimens,
similarly strained, elongated from 10 to 20 per cent.

An unwelded blank (RU-4) was formed, using the Worthington Pump,
but the 3, 000 psi capacity was sufficient to produce only 6 per cent
elongation at the apex of the dome. The remainder of the Rene 41
blanks were hydraulically formed using the Sprague Pump with the
very low flow rate, which in turn produced a very low strain rate.
As the blanks formed, wrinkles in the flange developed which
separated the pressure plate from the blank sufficiently to allow the
O-ring seal to fail. Failure of the O-ring was the limiting factor in
the amount of elongation achieved. Efforts were made to form
Ren€ 41 unwelded blanks to the high elongations of which the
solution-treated material is capable, but the hydraulic seal could
not be maintained. As the result of asymmetric draw-in, excessive
wrinkling occurred in the narrow side of the eccentric flange.
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Although biaxially formed blanks which were strained to fracture
parted along the weld, tensile specimens which were cut from
formed domes and aged did not fracture in the weld area, but
parted in the parent material and, on occasion, outside of the
2-inch gage length. This behavior was also observed in the
titanium alloy previously described, but was not confined to the
biaxially strained specimens. Fracture during tensile testing
consistently occurred within the parent material but not in the
weld, for the biaxially and uniaxially strained specimens.

Within the limits of the tests performed, it is not possible to
advance an explanation for the inconsistent behavior between
materials in the location of the fracture. It is suggested that
additional work may be desirable with highly polished tensile
specimens to determine whether a notch effect may account for
the behavior,

2.3.1 Discussion of Test Results, Ren€ 41

Mechanical properties are listed in Tables XX through XXIII and
are plotted in Figures 51 through 58. Ultimate strength, yield
strength, proportional limit, notch strength, hardness, elongation
and reduction of area increased with increased strain for unwelded,
uniaxially strained material, while the N and N ratios decreased.
For welded, uniaxially strained specimens, ulzg;nate strength,
yield strength and proportional limits increased; hardness, notch
strength, — andﬁ. ratios, and reduction of area decreased, and
elongation remailled constant with increase in strain. Welded,
biaxially strained material, whether conventionally or explosively
formed, follow the same general trend. Ultimate strength, yield
strength, proportional limit and hardness increase with straining
while elongation and reduction of area generally decrease.

Rene 41 is a heat-resisting nickel base alloy containing 19 per cent
chromium, 11 per cent cobalt, and 10 per cent molybdenum as the
primary alloying elements. It is an austenitic type alloy which is
strengthened by solid solution hardening. The high strength at high
temperatures is obtained by precipitation hardening of a gamma
prime phase of the same crystallographic structure as the matrix.
Boron is added to the material to reduce carbon segregation and
subsequent carbide formation at the grain boundaries.
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Microstructure of parent metal in Figure 59A shows banding of
austenitic grains with the presence of some twinning. In Figure
59B, the parent metal is protruding into the Hastalloy W filler
metal and microcracks are apparent in the heat-affected zone and
parent material. This cracking was prevalent throughout the weld
area. Figure 60 shows this intergranular cracking adjacent to the
weld in specimens from two of the conventionally formed domes. In
Figure 61 at 2000X, gamma prime precipitate is visible in the grain
boundaries of the parent metal. In the weld zone, the precipitate
has thickened at the grain boundaries with gamma prime precipitate
coming out of solution near the grain boundaries. In Figure 62A,
the electron micrograph shows gamma prime precipitate along a
grain boundary in gamma matrix. In Figures 62B and 62C, the
gamma prime precipitate is seen in the gamma matrix.

In the X-ray diffraction data, Table XXIV, the lattice parameter
values were obtained in the (220) direction, and do not indicate any
changes in cellular dimensions. Energy absorption was accomplished
by precipitation of the gamma prime phase. Differences observed in
the values for lattice parameter and microstress are not considered
significant,

CONCLUSIONS

3.1 A marked increase in strength properties of 2219 aluminum

may be achieved by aging the blank to the T87 condition and then
forming. Forming in the solution-treated T37 condition and then

aging produces negligible change in strength. Yield strength of T87
condition material was increased from 59 ksi to 68 ksi by moderate
cold working. This increase in strength may be taken advantage of only
where the decrease in formability does not adversely affect the
fabrication of the specific part.

3.2 A post-weld heat treatment is required to form welded
2219-~-T87 aluminum sheet material, Weld reinforcement also
enhances forming characteristics.

3.3 Residual stresses in explosively and hydraulically formed
2219-T87 aluminum domes were found to increase with dome
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deflection. The general stress level was much lower for the
explosively formed domes and will not represent a structural
hazard. However, this stress level can constitute a problem for
materials which are highly sensitive to stress corrosion. The
stresses in the hydraulically formed domes were at the yield point.
This stress level may be considered hazardous from the structural
viewpoint as well as from the viewpoint of chemical attack in
materials sensitive to stress corrosion. In the Annual Summary
Report, No. 0513-01(01)FP, dated 26 July 1962, high residual
stresses were observed for explosively formed hot rolled steel.
Indications are that the residual stresses which are generated as

a result of forming by any process must be evaluated for that
specific material for the condition of forming which had been used.

3.4 No detrimental effects were observed in the 5A1-2.55n
titanium due either to gradual stressing or to impulsive stressing.

3.5 In general, within the limits of the materials tested, the
mechanical properties are affected favorably as a result of increased
strain rates. This is applicable to uniaxial and biaxial straining.
While some of these properties show some marked changes as a
result of strain rate, the values reported are not to be construed as
definitive design type criteria since additional testing conducted
under statistical design will be required to generate this type of
information.

3.6 Within the limits of examinations employed in this program,
there are not visible changes in structure to be observed as a
result of the strain rates used to form materials. This generaliza-
tion is applicable to electron microscopy up to 36, 000X with the
replication technique. With X-ray diffraction techniques, some
evidence of lattice parameter changes may be ascribed to unit cell
distortion varying with rate of strain.

3.7 An analysis of data obtained from the uniaxial Dynamic Test
Fixture during the course of this and the preceding investigation

has demonstrated that this data can serve to predict the trends that
a particular material will exhibit when subjected to biaxial explosive
straining. It is therefore suggested that the uniaxial Dynamic Test
Fixture be employed for preliminary testing of new materials which
are proposed for use.
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RECOMMENDATIONS

4.1 Because of the unique response by each material to explosive
forming, each material proposed for fabrication involving explosive
techniques should be subjected to a testing procedure similar to the
one developed in this program prior to standardizing on a material
and on the fabrication technique to be employed. This should include
residual stress analyses and the effects of stress corrosion for the
specific materials as processed,.

4.2 To complete the picture on the materials which were investigated
in this program, it would be desirable that additional residual testing

be performed on those materials not previously tested and that actual
stress corrosion comparisons be made for conventional and explosive
forming procedures,

4.3 Because of the valuable information supplied on the behavior
of a material when subjected to high strain rates in the Dynamic
Test Fixture for uniaxial straining, it is recommended that the
Dynamic Test Fixture for imposing high strain rates on uniaxial
specimens be modified and improved to serve as a standard test
fixture for standardizing a high strain rate test specification to be
used by the services and by industry.
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TABLE II

ALLOY 2219 MECHANICAL PROPERTIES

T37 I Tg7 (3)
|
Property
Table(l) Test g (2) Table(l) Test ag (2)
(ksi) (psi) (psi) (ksi) (psi) (psi)
. ., (4)
Ultimate Tensile
L 56 60, 149 361 68 67,871 99
T 57 61, 249 202 69 68, 398 54
Yield Tensile (5) .
L 47 49, 863 1,042 57 54, 595 440
T 46 45, 486 491 57 55, 294 715
Elongation
(% in 2') .
L 12 14.9 1.2 10 11.0 0
T ' 11 13.8 0.3 10 10.2 0.3

(1) L. W. Mayer, Alcoa Aluminum Alloy 2219, Aluminum Co. of America,
Sales Development Division, January 1962, Table III.

)\ 2
(2) Standard deviation, 0'“=V E.‘.‘l;ﬂ__ where sample size, N = 5.
' N-1
(3) T87 tested material was aged from the T37 condition at 325° for 14 hours.
(4) L = longitudinal to rolling direction.
T = transverse to rolling direction.

(5) Yield tensile test values are by 0. 2% offset method.
Table values are not specified.
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T37 DOME BLANKS EXPLOSIVELY FORMED AND

TABLE IV

PRELIMINARY EXPERIMENT ON 2219-T37 ALUMINUM

(All specimens longitudinal to roll)

T37 AGED TO T87

Specimen .2% Yield Ultimate % Elongation
No. Strength Strength in 2"
psi psi
A0-1 58,708 69,276 10.5
A0-2 58, 708 69, 472 10,5
AO0-3 58, 641 69,903 10.5

AGED TO T87

Dome Specimen Prestrain, 0.2% Yield Ultimate % Elong.
No. No. % Elong, Strength Strength in 2"
psi psi
10 Al0-1 6 59, 823 _ 70, 199 10,0
10 Al0-2 6 59, 487 70, 089 7.5
10 Al0-3 6 59,211 69, 737 10.0
11 All-1 3. 59, 355 70,323 11.0
11 All-2 3. 58,955 68, 230 6.5
11 All-3 4, 55,794 69, 957 10.5

T37 DOME BLANKS AGED TO T87 AND EXPLOSIVELY FORMED

Dome Specimen Prestrain, 0.2% Yield Ultimate % Elong.
No. No. % Elong. Strength  Strength in 2%
psi psi
12 Al2-1 5 69, 079 73,246 6.5
12 Al2-2 5 68,018 73, 649 5.0
12 Al2-3 5 66, 630 73,085 6.0
13 Al3-1 6 66, 079 72, 687 7.0
13 Al3-2 7 67,281 72,350 6.0
13 Al3-3 6 67,329 72, 406 7.5

27




*o9s $ ul U@HH.DUUO 2anjidoea g

*1sd go¢ sem 2anssaid WNWIXEW ‘pPawIIO] A11eorneapAy sem uerq s1yl (€)
‘piem 031 9sI2ASUBRI} ‘piom 03 aeynoipuadrad xsjswrer(g -
poinseow uonjeSuoly  (2) ‘pPlem yitm I9jawrerd M (1)

‘uoT}dd[Jep ,,¥ ‘0 ‘OPIm 616 '81 000 ‘61 T 9
w1 '0 ‘pPeanideiy PIAM S°9 266 81 966 '8T M 800 ° (€) 5¢

‘UOTIDDIJOP ,, € ‘2 *199Ys I9A0D

‘opim ;4,8 °0 920 "61 0€0 61 T SHH Uim

‘paanidoeiy PIIM 0°¢t L€G 81 020761 M pawaor - 800 ° 0s 0¢
‘uot13daFeP ;2 ‘¢ ‘OPMM Ge9 "Ll 010 °L1 7
b '2 ‘PeanideIy PISM L2 Ss¥ "Gl ¥66°91 M S00° S¢ 9?¢
"uo1}O9IeP L "7 ‘°opmm 086 61 1¢0°61T 7T
1§ "1 "pPean3idely piom - 066 °L1 CT0'61T M S00° K4 8¢

‘sniped
MeIp moOlaq R} piam 1%6°02 €66 61 T : L8 1 o
3o yi3ua] paanidery - (A% 2020 £€66°61 M S00° 09 (A4 6122 N
‘uot}d91yap 06661 so1 12 T .
w06 ¢ "@anjideIy ON - 296 61 080 '1Z2 M S00° 001 T SYH
(%0 Ut 13 %) (rur) (ur) (“ut)
Surwao Sutwio g SSaUOIY] 20318 (Tur)
xody 3® IV aao3yog + umo(-ploH ‘ON
sjmsay uorjyeduold FPYppR——— 1e duioedg a3ieyn yueid 1etaoieiN
¥ (2) (1)
U

‘oat1so1dxy pmmbrT X010y
*af1eyd Jo 193Udd 03 |, 7T :92UBISIC JFOpu®eIS

SYNVIE AAdaTdm - VIVA DNINYO4

A HdTdVL




$'6 4 €-91V
0°¢l : v 2-91v
G 1T : dxy 1-91V
gel €-6V
0% 2-6v
0°¢t *AUOD 1-6V
ﬁ L-ot Z°91 S ¥1 9 6% LT 2] A A Q
8°01 8 81 S ¥l 1°6% 9°L? . 2°L1 T 2LV
60T 0°0¢ 0°'¢l 6°9% S °'v¢ 791 T0a3u0d 1-LV
9-0T ¥ 1sd 18y 18y 183
Ajo1iserd e91y JO 2 ut y38uaaig yiduaaig jTary o3y ‘ON
jo ‘PO ‘d *pay 9% *Buord 9 a1sual ‘3N PIPIX %20 reuorsxodoxd are1iq uswroodg
soryzodoag TedTURYDIW

ZOTTIV WANINATY 2816122
CNAWIDAJS QEATIM TVNIGALIIDNOT 40 SEILYAJOVL TVIINVHOAN

IA JITdVL



ySnoays jind 03 spuod3s Ly
1sd G771 2INSSaId WNWIXBW
*ap1s

SUO0 Lo snipeI MEIP YInoiyl SutuedQ wnwIixeW Yyoul-7 7 NWQ,H
peyind yuerq - 2anj3de1q ON 8uoy saydul g ,;: SInIvEIg peed pojeaa] -1esH
‘ut 0 ‘$1 L9IdWRIQd PIPM T §9YdUL % "6 II2Welg PIPM 7 YITM 2O1NI0G-2
seysut [ '§1 I932WieId PIPM soydut § *L1 I93°WRId PIOM w 1 uwo d
uoijdafyag Ydur-Q ‘9 v uo13IdI[FS( Youl-g °¢ P12M d
¥ "ON IWOJd 0¥ "ON EIWOd
2i1n}o®I g 0} SPUODIIS G§
1sd Q¢ 2InssaIg WNWIXeW
Plom Uitm
apPIOUIOD JOU SD0P 2In3derd AR
SutuadQ WnWIXEN YdUI-G¢ °0 SutuedQ wMWIXeW Youl-§ °| o}
fuo] soyodul g °g 2Inj}devI g guor seyour § ‘g1 Lanjoer g ysnig pajear] ~1esH
‘ut ) g1 1919Wierd PIeM - soyoul § '@ I9j9Weld PIOM T uonnios-oy
soydur g "G I93dWeI(J PIeM soydut g *)1 I9lowWerq PIeMm PI°M 1sod
uo13093eg Ydul- °g uolddFe Youl-gG '¢
€2 "ON INOA Z "ON IWOd
21njde1 g O} SPUODIIS
,mmnm Q00§ Panssaad wWnuwixew
Sutusd wnwxeN yosui-| °Q Sutued( wmMwIIXeN Yydul-g | :
Suol sayoul § *QT 2INITBIF Juo] seyout J *)1 2InjIeIg ysni g P2PI2M SV
‘ut 0 "61 I33dWRI(] PIPM =1~ seYdul g "6 Id}dWRI(J PIOM T 181
saydut ( *61 I°)dUeI(J PIAM saydut 6 "LT Id32Wer(d PIoM
uot13d91yeg Ydul-% °0 uo13vo9yeqg Yyodul-L ‘¢
GZ "ON IWOa 82 "ON IWOd
X219y "TIN 92 AISOTAX T alTiam NOILIANOD
DIINVEAdAH jjopuelg youl-gq AAIS TVISFEIVIN

JOHLINW DNIWNYOJL

NOILDJFYIA ONITTOY OL TATIVIEVd 1AM TVILINVIA

HALFANVIA HONI-61

SI1TNSTY ISHI

IIA HTdVL

‘SUNVTIE WNANINNTV L81L-6122

30



IIT @19®L ‘2961 Asenuep ‘uorsialg juswdoiaaaqg sareg
fEITIBWIY JO ‘OO wnuiwniy ‘4612?2 Loy wnurwn(y eooTy ‘12few ‘m T (n

9°01 -- 0z €g L2 -- popramun (1) SPNTRA BOITY T821dAL
surT ZVH £°01 5 L 0'¢ 9°1% 0°2¢ 9°61 : L%
jusieq %701 - Lz 591 €65 0°g€ L°81 9-1%
peog
usreg 1701 £°92 0°91 895 9°0¢ 581 papIom s-1% PIoM
1
66 762 012 695 z0¢ 0761 ] €-1% ::V?
z'01 €92 0°61 6795 270¢ 8761 z-1%
0'0T 1°82 0°12 §°LG s 'o¢ 761 popramun CT1-1%
jusreg 6°6 . 192 0761 $LS €°1¢ 9°91 y L-0¥
sury ZvH 9°6 €€ 0°¢ 6°9¢ G'0¢ 9741 9-0¥
jusaeg K ¥'¢ - 6'92 6°92 % LT PepPTeM 5-0% © peaqg
; ; ; ; : : - PloM
801 692 0'12 ¥LS 862 0°91 \ €-0% arem
1701 7712 072 0°Ls ¥62 9°L1 Z-0F o%
676 €87 o'tz 6°LS 7°0¢ 581 paplamun 1-0%
prem Jo a9px €701 ¥'8 079 5°9% 5°0¢ 5'gl L-€7
PTOM 6°6 PR 0°22 8°95 9762 9791 9-£7
wusied 86 0'1¢g 0°¢z 9°9g 1°0¢ 591 PIPIOM 5-€7 PIOM —-
z°01 7°¢2 0°12Z 6°LS 570¢ . PR A £-€2 qend 4l
66 0°1¢ 01z 6°LG 9°0¢ €61 2-€2 €z
0701 6°92 0°22 9°Lg 170¢ 8 8l popromun 1-€2
sulT ZVH 001 z°21 0% 6'2¥ 1°1€ 0°81 4 L-2
PToM €11 0°02 56 656 9-2¢ 061 9-2
PTOM 9°01 912 5°L 5' 1 b2¢ 0°61 PoPTOM 5-2
. ; ; : : ; - PIoM
10T 062 0°02 L795 5 o€ 0°LT A £-2 S
€01 782 507 1°85 LIe 8°Gl 2-2 .
1°01 0°L7 R 586 51 9°L1 papTamun -7
_0o1 x 1sd sy 18y 18y
sanjoei g wﬁ«uﬁmmﬂm vaay jo WZ ur yi8uaaig yiSuaaig pur papremun
j0 jo "POoW ‘4 uo11oNpay 9 *Suory 9 sTIsuUal ‘1A PISIX %2 °0 reuotjrodoay io ‘oN *ON
ealy Somiodord [eotUeusoN . PoPIOM uaurrdadg juelg

XOTIV WANINNTY Z¥1-6122

SNEWIDIAS ISYAASNVHEL - TYIHIIVN MNVTI JO STILUYAIOYd TV IOINVHOUW

IIIA ATdVL




‘{[01 03 @sJaAsueal I

‘[Tex o3 TeurpnitduoT Y (1}
866 61 00012 L
‘jeyy 19jauwrelp .9 2'9 0°6 ¥20°0¢ 220°1¢ T 00°¢ 800" Sl L-LE
0%1 "0¢ ¥10°1¢ L
‘3e[y 19jowWrelp ,,9 0°'9 001 890 °0¢ 986 02 T 00°¢ 800" Gl 9-L¢
911 °0¢ 60017 1
‘3el} 1939wWelp .8 6"V 0°S €91°0¢ 2¢€0°1¢ T R4 800" Sl §rLe
092 "0¢ 656 "0¢ 1
‘jejy 19jaurerp .9 134 0°s 6¥2 0¢ 000°1¢ T ¥y ¢ 800" 09 P-Le
L92°0¢ L66°02 L
‘Jefy I9)dwerp G 1 4 081 10€ 02 086 "07 T 00°¢ 800" 09 g-Le
00% "0¢ €€0°1¢ "3
‘ssinjdelq [erpey § == 0°0t1 $90 '0¢ $00 12 T £T'P 800" SL 2-Le
"uG 'y uonlolred LoV 61 200°1¢ I w104
©1932UIBIP SSISASURI) U0 PaInIdeL g 82 0°6l €99 °02 00012 T EESSE | 800 ° SL 1-2¢
(%) (%) ("ur) {rur) (rur) (rur) {Twy)
s3[nsay ‘ydraeq xady Surwao g Burwao g (1) yidaq sSaUNITY]J, ¥201S + ‘ON
*Suory *Juory 193V saojeg atg umo(g-proy 3e Suroedg s31eyn Suelg
13jowrer(] yuelg

satsordxy pinbiT xoroy
*s81eyd jo 193u0d 0} ,,271

AOTIV WANINATY LEL-6122

:90uRISI(] JJOPURIS

SIINVTE AFATIMNN - VIVA DNINEOL

XI 3719dvVyL

32




aatsordxy pmbiT X210y -

‘[10X 03 9519ASUBIT T
‘110z o3 teurpmytSuoy 7 (1)
‘owIop [edlajewIwAg 8ey 61T £€20°02 L w0 g
*UOIIIBIIP G "2 1°¢ 0°'8 PS¥ 61 810°02 T 891 g 0 0s L1-L8
*awop TedTIIPWWAG L¥S 61 £€20°02 L wao g
‘UOTIDBIBP ,G7 '¢ §°2 0°g 9¢5 761 ¥00°0¢ T 9914 0 o 91-L8
: —
$88 "81 $96°61 L
‘yery "EIpP .8 1’9 0°8 3¢8 81 66661 T 00°¢ €00° 001 L-L8
(*poydjeIds sem Mueid) - 210°02 i
‘1933WeIp U0 paInjoelq == 021 - 9L6 761 1 00°¢ €00 00T 9-L8
860 6T G66°61 L
‘yeyy "EIp .8 SUII 0°0T 866 "81 286 61 T 00°¢ €00° 001 G-L8
L1761 ¥10°0¢ L
ey Celp 9 (4 4 0°s 161761 910702 T i 44N £00° Gl ¥-L8
08161 €00 °02 L A
‘3BY} 193WEIp ,9 0¥ 0°'s 22261 500 °0¢ T la a4 800" 59 £€-L8 o
€1L°02 200°12 L wrIo 4
‘uo13oaTIeg 161 °C 572 0°L 869 07 000 °1¢ T o914 800" s¢ 2-L8
= §00°12 h7 waio g
“seamdely o1dNMN == 0°8 - 01012 T so1 g 800" 0s 1-L8
(%) (%) (rur) {ru) (rur) () (Tux)
s3Insayg ‘ydrrag xady Surwiao g Surwio g (1) ydaa SS2UWMDIY ] M003IS + *ON
‘Buory ‘Buoty 191y sao0jag 11 umo-pioy 1e Surdedg a3xeyn Yuelg
I9jawrerq yuelqg

-a81eyd JO 19jUad 0] 27 :9OuBISIQ FJOpuels

X011V WANINNTY L81-6122

SINVTIC AAATAMNN - VIVA DNINIOL

X J71dvVaL




‘1101 03 ISIDASUBRLT L

‘1101 03 Teurpnyrfuory T (0
r 44 0¥ 006 "8T §70°02 L w0 g
‘owop TedlIjeuwIAg  "UOIIOITIIP ,,60 '€ Sy 0°9 €06 °81 686 61 T o¥ 00GT ALK | 0 S1-L8
‘8uot 21 2°¢ 0°¢ LIZ 61 81007 I ULI0 g
‘19jULd WOIJ |, "7 2aMIdeI] TRUIpNIIIUOT g€ 0y 9¢1 761 ¥96 '61 T 0¢ 0s¢el 9914 0 F1-L8
¥e S°¢€ GST 61 820702 L wzo g
owIOp TedTIlPWWIAG  "UOIIDSTIAP €L "2 L'¢E 0% 961761 220°02 T 9¢ 00%1 991 g 0 €1-L8
jely "BIP .9 1°¢g 0°g 228781 020 °0¢ L )
‘1x9sur jo 28pa Je 2andRIg 6% $'g $¢6°81 900 °02 T 0s GLe 00°¢ 0 21-L8
‘IBT} CEIP LG 8% °I 4 128781 110°02 L
"3xssut Jo 28ps e 2anjoel g 'S 0°'9 66681 2%0°02 T 62 08¢? 00°¢ 0 11-28
9°¢ 0°¢ 020761 ¥00°0¢ L
‘¥Rl "erp .69 L€ 0°'¢ 280761 610°02 T 14 5787 i 444 €00° ©0T-L8
ve 0°¢ S60°61 0%0 " 0¢ L
‘1ely C'IP L9 9% 0°¢ TLO°6T 008 "61 T 8¢ 029¢ 424 €00’ 6-L8
‘8uol ,,61 2an3deay 9°g 0'8 20L°81 £€20°07 L wIo g
Te1jourerp TeurpnyifuoT UOHDIIP ,£8 '€ €9 0°'8 92981 266 61 T 1¢ 0591 CEL | €00 8-L8
peplemup Lof[y wnurwunly L8L-6122
‘3ely "erp ,0°9 2'9 $'9 8€9°61 61012 L .
‘319sut Jo 28pe jv ainjoel g 69 0L §29°61 010°1¢ T 1¢ 05927 €2°¢ €00 vi-Le
‘3eTF "eIp 679 LS 0°9 88661 08012 L N
‘3xasur jo 28pa je 2anjoeiyg 9°9 0°L 70961 €10°12 T 4 00972 €2°¢ £€00° €1-L¢ o
6L 0°01 €92 61 T110°12 X
‘¥ely CeIp 6% 6°L S'0T Poe 61 6%0 12 "1 124 os¥e SL°€ €00 21-Le
TI93u8d 8L 00T 10€°61 §00°127 L
wo 1y ,,8 "¢ 94NjoeI] Tel}aUelp 8SI9A5URL] 6L S°0T GLZ61 10012 T 0s 08272 SL'¢€ €00° T1-L€
89 S'L Z0¥ "61 200°1¢ L
‘yery Cerp 9 v'9 0’8 g€V 61 880 °1¢ T 06 0092 8¢ "¢ €00 0T-2¢
‘Iely Cerp .6 6% 0°g 1€6 61 820 °1¢ L
‘1xesur jo 28pa j® sanjoely 9°g 0'9 96861 966 "0¢ T 961 0512 00°¢ €00" 6-L¢
‘8uor ,, 11 sanydely 0°L §'0T $28°61 $00°1¢ L wrio g
1eI}3UIRIP ISIIASURI], "UONIIBTIIP ,,50°F 8°9 §°21 198761 000 °1¢ T 80% 09s1 991 g £00° 8-L¢
pepramup Loy wmutwmiy Le1-6122
(%) (%) (rur) (rur) (0@8) (1sd) ("ur) (rur)
s3InNsay ‘ydraeg xady Suturio g Surwo g (1) sty sInssaig yida(g §S8IOIY I YO01S + ‘ON
‘Buory +3uora 1913y siojeg WNWIXBIA 311 umop-pIoH quelg
je Buroedg
13ajawer(q Muelg

VIVd ONIWNYOJ4 DITAVITAH

IX J749dvL




‘TIox 03 9sx3Iasuea ], L

‘{101 o3 TeurpnirSuorg T (n
so8ueyy (edtrlowwisy Lgl 0°LT 6L °81 S10°12 h papramup
‘perre; uti-g IBL CEBIP ., 0°¥I1 0°¢r S6L°81 80017 T Jxx€761 009% 81°g 132edg oN 9-nyg
“a8uey) [eotilewwiAsy  semurim ofuery ¥oBT 0°6T | ¥%L0'8T 210°12 L uriog 1s0edg oN | pepromw
axsadg -perrey Buri-( "UOIIDSTIAP ,,99°§ G'el 0°6l 2¥8 LT 266°07 T %% 6761 056¢ 891 g s-Nnyg
Ly *I 4 .QNN.ON 9€0°12 L PaPTPM
pelrey Suri-g 3ey EIP L L'y 0°g 9€7°02 Z10°1¢ T woe TT 008% i 44K 120edg oN 8-d
9701 00T €F1 61 €00°1¢ L PapPPM
‘parrey Suri-Q IBL CEIP .S 1°01 06 €81°61 L8012 T |ax¥ 61 009% [ R4 13sedg ON 11-9
0701 011 2€2°61 82012 L PaPToM
‘porrey 3uti-p 1B[} “BIP % 176 s'8 §90°61 110°1¢ T xxl 12 002% [ A4 200° s-d
‘8uor ,,01 2°T1I 0'11 189 '81 186 "0¢ L 1o g PIPIaM
ZVH Ur 21030814 "UOLIISSP 6% G 6°11 06 20L°81 G20°1¢ T s% 07 00L¢ 2914 100" €-d
arqenieae sinssaid wnwrxew G'g 0°9 1€6°61 896 07 1 wxo g papiamun
‘swop redrajowrwihg  UOIIIITIAP .67 '€ LS 0°g 6€0°0¢ 0€0°12 T * ¥9 000¢ 991 q 0 ¥-NY
1% 2uay
Plom ut
8°0 60 £52°81 $00°61 I
"suwrop TedtIjewwAg  UOIIdATIIP 971 L0 0°0 9ZL°81 0L6 8T T % 0L 0061 ve'l 0 S-1L
L1 0°0 096781 050761 L
‘8uoT 91 ZVH Ul 81n3d®Ig 9°1 S0 01z 81 968 81 T % 0L G261 [ 44 100° 61-1
€7 S0 €92 °'81 S20°6T L
‘8uol ,,91 ZVH Ut 2anide1y gz §°'1 9¢1°8T1 €60 61 T % L8 0967 ve'e 200" 22-1
Plom ut
ve 01 9¢0°8T1 0%0 61 L w10 g
‘awWOp TeoTIldWAg  "UOIIDIIIP LG ‘2 L2 00 2L8°LT ¥10°61 T % 08 0642 9311 100° 8-L
‘8uor ,,p ‘snipel meip 6°0 0°0 16981 £¥0°61 L waoq
Je 2In)deIf ISISASURL] "UOTIISTIOP G 1 ¥°0 0°0 sbL 81 8L0 61 T » 89 08¥1 8914 160° 1-L
Poplop AOTly wWnTUell], Ugs 'Z-1v§
(%) (%) (-ur) (~ur) s (UTUT) (1sd) (ur) (ut)
sjmsey ‘ydrasg xady Surwrao g Furuwrao g (1) « (098) |@anssaid yideg SS2UMDTIY L M2018 *ON
‘8uorg ‘Suoty 1913y a21030g swrry {WIMUIIXRN a1(1 + UMoOp-proy Nuerd
. je Buroedg
19jower(q Muelqg 1

V1Vd ONIWYOJ DITAVITAH

(*won) IX FTEVL

35




"110I 0} 9SI3ASURI],

L

‘(pTem) Troa o3 reurpnyifuot T (1)
uing ite Jo 9duaplag) °,,22 ° pardumnp L9981 €L6°81 L
xady ‘UOIIDSIP WnNWIXRW H7 "] 8'0 1 TLL°81 820761 T pe°t L00" S9 0z
Z2L0°61 796 '81 L urro g
"pram jo yiBusy paInjded g G'Z I 0L1 781 €90 °61 T 9914 800" S9 2T
GIE 61 02¢ 61 L wrro g
‘PTos o y3Susl painideay 9°C T €0¥ "81 €81 761 T @81 800" SL 8¢
LT SLZ 61 S2¢€ 61 L w1o4q
‘PTam jo yifuaf paanideay 6°¢ 1 yee 81 0G€ 61 T 8914 800" 001 r4
I 6278 ‘81 S9T 61 L uriog
‘owrop je(y Ala1EaU - UOWDIFIP 91 1 G- SL8 81 222 61 T 9314 800" 0¢g St O
[32]
(%) (%) (ur) (ur) (rur) (rur) (Tw)
sjmsay ‘ydiasg xady Sutwao g Surwzo g (1) yideag SSAWDIYL M2031S + *ON
‘Suorg - Buory oY sxojeg E) et umo(q-proy ie Suroedg s81eyn yuelg
19jawrel(q yuelyq

sa81eyd Jo 13juad 03 71

raatsordxy pmbrT xo19y

190ueISI(J JIOPURIS

WHRINVIIL USS '2-1VS

SYNVTId QIATIM - VIVA DNIWHOA

IIX dTdvyl




‘f1oa o3 2sJI2AsSUBI] A
“(p1om) 1[0z o3 TeurpmifuoT T (1)

S22 °02 0%0°12 1
‘jery Cewp L 0°s ¥ 691 °02 266 °02 T 4/ 200" 00? 8T
$0¢g 02 200712 L
‘3eTF "BIP 4S99 6°% ) 8¥¢ "0¢ 9€0°1¢ T ¥ 2 200° 0sT (128
‘Jery "ewp ,6°9
*ub 170 pordwrp xody €92 °0¢ 0€0 12 L
‘UOTIDS[JOP WINWITXRW ,,6¢ "7 [V 4 12 $22 02 000°1¢ T b2 200" 0s1 [
‘IeY} Cerp L 0¥ 1°0¢ 1€0°12 h A
*Buot ,,91 ZVH Ul axnydoeryg 0L L 62661 110°12 T 00°¢ €00° 00?2 ST
£80°02 100°12 L uLIo g
saanjdedy [erpes ¢ 0°9 6 €50°02 800°1¢ T 9314 0 002 L
865 02 0¥0 " 12 L wro g
‘UuolIdIIAP 28 2 Sy L 126 °02 ¥€0°12 T EEENC | 100" 001 PapPIaM L1
| *(poanydeay Woloq i) 1€9°61 02012 L uLzo g A
‘s9anidely Terpel ¢ 0°6 ST €66 61 0¥6 "02 1 @31 g £€00° 00¢ £€-Ny
GZL 61 L20°12 L w0 g
‘UOIIATIIP IV P 6°'8 Sl £69 61 L¥0 12 T @93 g 800° 002 Z2-ny
65661 $20°12 L wao g
‘UOIIDBTIBP 6 "¢ S'L 11 210°02 7650°12 T °d1 g 800 ° 0s1 pPapiemun) 1-NY4
(%) (%) (ur) (-ur) ( ~ur) (ur) (Tw) pepremup
sjmsay ‘ydiasag xady Sutuzao g Surwao g (1) yidaq §SaWOIYJ, Y0018 + I0 "ON
‘8uorg *Buorg 131}y sxoyag 11 umo(r-pIoH 3e Buroedg a81eyn PopPIOM SNuerd
19jawreIq quelq

ul—

aatrsordxyg pinbr xsa9y
*o81eyd yJo I193uUad 03 .21

¥ ANAY
7

190uelsI(] JJOPURIS

SYMNVTY AIATIM ANV A TIMNN - VIVA DNIWYO4

IIIX F14dvl

37

T BN N B OE BN A UE B B Am BN D Em B BE E .



S %1 3 3 h 111y

§¢l o1tV

g€l 801V
Ianjdei g

0°%1 00T 00T S[ISUa T, LOTV

24 SIT” 89 S8 \ A ] L2y

€S SI1” 89 68 921V

9-2¢ c11” 89 5°8 " yoaioN sZ1v
6°6 G'12 501 L°€9 S 65 G 6% 601" %9 0°8 A 611V
60T 0761 0°01 Z°%9 S 68 £°6% 601" ¥9 0°8 8I1v
876 T1°LT 06 L'%9 009 1°1¢ {8 09 G°L SL aIsua STV
001 g1 | ‘day
0°¢1 2887

A . 2IN3IdRI g
0°21 001 S0 P 211V
1°%5 \ \ 221V

§°¢g 121Y

‘sueay,

S¢S Yo3oN 071V
1°01 F T4 0°¢1 6°09 9% 0°82 A 901V
T°01 €692 g el 6°09 8°S¥ 692 SolV

. . . . . . ‘suexy 1
L0t € ¥ 0°€T 1°19 2°9% €°9¢ Sneusy oIV
Z°01 8°¥¢ 0%l 0°19 ¥°0$ 0°0€ \ €01V
0°01 0°62 0°%1 909 9°0§ ZLe 201V

. . . . . . auo “Buoy
0°'0t 622 0°¢€l L:09 605 1°%¢ N omtsuay 101V

9-01 % 1sd eaay 8y 8y 9y W. *XBN JO 9 |,z Ul *Buory v, “XBIN JO 9 28s jur/ut

Ajronsery o ue ut yi8uaxig susaig g § urelyg 1esyg urei3lg urelig ureIlg a1ey adA ‘ON

j0 'PON ‘H | 'PH % | Buotd % sjewmi[n | PIOIX %2 0 | ‘doag 1e1paye1d0 Tenjoy painsesy porddy ureais wowrroadg | wswroadg
sa1312doig TeOTURYISIY suotjipuor) Jururerisaig

(popTamun) WANINNTTV LEL-6127

SNAWIDALS AANIVELS ATIVIXVINA ANV TOHINOD A0 SAILFIJIOUA TVDIINVHDIW ANV VIVaA NIVELS

AIX FTVL

38




2°LT h 13 0°S ) €-5-L¢
L°99 13 0°s I-6-L€
L L°2¢ 33 0°s YOION 2-9-LE
0701 €91 g6 L°59 Z2°96 6°2% S¢€ 0°s ?-5-L¢
0°01 0°¢el 0L 699 1°Ls 0°¢Y 13 0°¢s €-v-Le
0°11 1°91 §°S £'99 L79% 2°Le 8¢l S¢ 0°s o STIsuUS L, I-%-L¢
6°LT vve’” €9 06 ] €-L-LE
€702 yve - €9 0°6 T-L-L¢
[ 4 0Lz’ 0L 0°0t Y210N 2=9-L¢
9°01 8°g1 0°9 6°L9 0°09 A4 ¥ye - €9 0°6 Z-L-LE
7ot 0°61 0°L 6°L9 8°LS 8°6¢ oLz’ 0L 0°ot €=9=L¢
66 8%l 0°8 £°89 £°8% £°¢ey 0Lz oL 0°0T SL sTisuay T-9-L¢
001 €51 \ “Bay
81 €
o1 4
St 00T 001 ’sanjderq 1
909 ) ) J 100° J €-p1-LE
819 100" T-$1-L€
9°29 200" YdIo0N 2-€1-L¢
06 7°LT 5°8 0°L9 0°85 S '8¢ 100" / 2-¥1-LE
2°6 6°L1 S°6 0°L9 ¥ '8¢ Ley 200" €-e1-LE
L'8 L°81 S'8 S99 0°89 2°2% 261" 9s 0°L oy 200° oTIsusy, 1-¢1-L€E
L°8s ] ] } 200" J €-21-L¢
1°8¢ 200" 1-21-L¢
1°29 200" YoIoN 2-11-L¢
8°'8 ¥'81 'L v°LY G 8% 9°0% 200° ) 2-21-L¢
L'8 £°81 S°L L"99 1°L8 876¢ 200° €-11-L¢
0°6 8°gl 0°L 0°89 S 65 [ 4 £82° v8 601 SL 200° eIsusy I-11-L¢
00T g1 00T €£000° aanjder g 8-L¢
g9-0T X 1sd €Iy 8Y 8 TR R *XB JO 9, Le ur .m:oﬂm % |'xXeN 10 9, | d9s/urjur
fdysery Jo nZ Ut y13uaaig yi18usaig nary | urealg aeayg arelig urea3jsg ureIIg arey adA *ON
jo ‘'POW ‘T P % *Buory 9 olewn3 I | PISIX %Z°0 *doxg | teapsyeldn N3Oy paansean poariddy ureilg uawpoads | uswioadg

sa1339doag TedTueydan

suorjtpuon Surureiisaig

(popromupn) WANIWNTY LEL-6122

SNAWIDILS AANIVELS ATIVIXVIL 40 SHFILYIJOEd "TVIINVHOIAW ANV VIVA NIVILS

AX JTdVL

39




TABLE XVI

STRAIN DATA AND MECHANICAL FROPERTIES OF CONTROL AND UNIAXIALLY STRAINED SFECIMENS

2219-T87 ALUMINUM

Prestraining Conditions Mechanical Froperties
Specimen| Specimen Strain Applicd Measured Actual Octahedral Prop. | 0.2% Yield | Ultimate % Elong % Red. E, Mod. of
No. Type Rate Strain ' Strain Strain Shear_Strain Limit Strength Strength in 2' of Elasticity
in/in/scc| % of Max.| % Elong. in 2" | % of Max. ¥ ksi ksi ksi Area psix 10-6
A3e Tensile U None 46.2 59.5 70.4 10.5 14.3 10.7
Long.
B
Al3 U 44.9 60. 4 71.2 11.0 21.7 10. 4
A3d 47.3 60.4 71.0 10. 5 21.4 10,5
A23 Tensile |U 51.2 59.8 72.2 10.0 18. 10.9
Trans,
A2q u 42.1 59.2 70.3 10.0 19.3 10.6
Adq u 48.0 53.4 72.4 9.5 10.9 10.9
A3b Notch U 59.2
Trans.
A37 u 53.7
A3g u 52.4
A60 Tensile |y 12.1 26.9 37.9 3.5 13.8 9.9
Trans.
A6l w 14.8 27.6 38.9 3.5 18.5 8.9
Ab2 w 13.4 21.2 39.3 3.5 15.2 9.7
A76 Notch w 35.9
Trans.
AT7 32.8
AT8 W, Y 32.9
A29 Tensile .05 100 11.0
Fracture
A30 U 11.5
A48 U 10.0
A49 U 10.0
Avg. U 10,6 100
A3l Tensile |U | 75 5.0 47 . 069 56.0 71.8 73.5 17.3 10.0
A45 U 5.0 47 . 069 43.9 70.8 72.4 7.0 16.7 10.2
A46 J U 6.0 57 . 082 46,7 71.4 72,1 7.0 16.5 10,2
A4l Notch U 4.7 44 . 065 21.4
As2 U 3.5 33 049 15,0
A43 u 3.5 33 . 049 23.5
A25 Tensile [y} 100 100 12.0
Fracture
A26 u 13.5
A27 u 12.5
A2g U 15.0
Ab3 W 5.0 Elongation confined to weld area.
Absg 4.0
AbS 5.5
I8 Unwelded
W Welded
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STRAIN DATA AND MECHANICAL FPROPERTIES Of CONTROL AND UNIAXIALLY STRAINED SFECIMENS

TABLE

XVl

5A]-2.55n TITANIUM

Fcestraining Conditions Mechanical Properties
Specimen| Specimen | Strain Applied Measured Actual Octahedral Prop. | 0.2% Yield | Ultimate % Elong.| % Red. E, Mod. of
No. Type Rate Strain Strain Strain Shear Strain| Limit Strength Strength in 2" of Elasticity
in/in/sec % of Max. | % Elong. in 2" | % of Max. % ksi ksi ksi Area psi x 10-6
T1 Tensile |U None 79.8 122.4 127.0 17.0 39.9 15.5
| Long. 1 _ -
T2 ' u 96.4 123.4 127.3 16.5 40.2 15.6
T3 A v 73.0 123.6 127.8 16.5 37.5 15.6
T4 | Tensile |U 74.7 124.8 127.3 17.0 10,2 16.1
Trans,
TS | 67.6 125.5 127.8 16.5 39.8 15.9
T6 ¥ U 62.4 124.8 127.2 17.0 41.8 16.0
T17 Notch U 151.4
Trans,
" Tis | U 151.8
T19 1 u 151.9
T30 Tensile |[W 99.6 124.6 128.6 11.5 42.9 17.3
Trans,
T31 l w 73,7 120.3 124.9 12.5 44.7 16.2
T32 17 87.1 124.0 129.4 12.0 41.3 15,1
T46 Notch w 150.1
Trans.
| T47 | w 150.2
T48 k] w 140.2
T56 Tensile |U .05 100 12.0
Fracture
T57 U 10.5
T58 U 19.0
Avg. U 13.8 100
T12 Tensile |U 75 6.5 47.1 . 089 90.3 138.6 139.2 11.5 37.8 14.1
T15 u 6.5 47.1 . 089 88.1 139.1 139.3 7.5 19.5 13.8
T1é6 U 5.5 39.8 . 076 83.5 138.3 138.5 12.5 40.1 13.9
T61 Notch U 4.5 32.6 . 062 153.6
T62 i U 4.5 32.6 . 062 153.3
T63 ¥ U 4.5 32.6 .062 158.9
T38 Tensile w 100 8.5
Fracture
T39 w 8.5
Avg. W 8.5 100
T41 Tensile w 75 4.5 53.0 .062 93.5 138.9 142.6 12.5 34.1 15.1
| T43 ] w 4.5 53.0 062 93.3 135.9 139.3 11.5 34.3 14,7
T44 }’ w 3.5 41.2 . 049 108.9 139.0 141.9 13.5 37.8 15.0
T49 Notch w 3.5 41.2 . 049
T50 | w 4.0 47.1 . 056
T51 v W 3.5 41.2 . 049
T8 Tensile U 100 100 15.0
Fracture
T9 u 15.5
T13 1) 14.5
Tl4 U 16.0
T332 W 10.0
T34 w 10.0
T35 w 10.5
T36 LW 10.0
137 Tw 9.5
u Unwelded
W Welded
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TABLE XX

STRAIN DATA AND MECHANICAL PROPERTIES OF CONTROL AND UNIAXJALLY STRAINED SPECIMENS

/
RENE 41

Prestraining Conditions

Mechanical Properties

Specimen) Specimen Strain Applied Measured Actual Octahedral | Prop. 0.2% Yield | Ultimate % Elong. % Red. E, Mod, of
No. Type Rate Strain Strain Strain Shear_Strain | Limit Strength Strength in 2" of Elasticity
in/in/sec| % of Max. | % Elong. in 2" [ % of Max. ¥ ksi ksi ksi Area psi x 10=6
Rl Tigsge u None 116.4 144.2 169.5 7.0 9.4 26.17
RZ U 119.4 144.2 168.1 7.0 5.4 27.2
R3 U 118.7 144.0 169.0 6.5 6.7 27.3
R4 Tensile | y 101.8 137.8 165.4 6.0 5.9 26.8
Trans.
RS U 103.9 137.5 162.9 6.0 5.0 26.5
R6 U 99.6 136.8 167.6 7.5 8.0 27.1
R18 Notch | 147. 2
Trans,
R19 1 u 143.6
R20 Y U 150.8
R26 Tensile | w 101.3 138.3 160.2 5.0 1.5 26.0
Trans. N
R27 w 105.9 138.9 164.6 5.5 3.6 26.5
R28 w 111.9 139.4 164.4 5.5 4.1 26.1
R42 Notch | w 94.1
Trans.
R43 1 w 105.4
R44 1 w 130.3
R12 Tensile | U .05 100 46,0
Fractureg
R13 i [3] 46.5 s <
Avg. Y U 4 46.2 100
R14 Tensile | U 75 31.5 68.2 .388 151. 4 199.8 221.1 5 28,2
R15 | 32.0 69.3 .393 160. 2 202. 4 220.6 4.5 28.3
R16 Y 32.0 69.3 393 158. 4 199.9 218.2 7.5 28.0
R21 Notch | U 26.0 56.3 .328 158. 7
R22 f U 29.5 63.9 . 366 160. 1
R25 Al U 20.5 44.4 . 264 169. 1
R34 éj‘::iie w 100 17.0
R35 w 1 10.0
Avg. w \ 13.5 100
R33 Tensile | W 75 4.0 29.6 . 055 121.9 156.4 175.6 5.5 1.9 26.1
R39 W s 4.5 33,4 .062 111.3 153,2 172.4 5.5 2.1 26.6
R0 4.5 33.4 L 062 115.4 154, 6 171.0 5.0 2.3 26,1
R45 Notch | W 5.0 37.0 . 069 87.0
R46 w 5.0 37.0 . 069 98. 7
R47 Y w A 5.5 40.7 .076 97.7
RS Tensile | 100 100 47.0
Fracture
R9 U 50.5
R10 U 45,0
R11 U 48.5
R29 w 17.5
R32 W 20.0
R33 W 12.5
u Unwelded
W Welded
44




1°0¢ L1 4 6881 0°LLT LI1el A 1 v-81-9
8°2¢ 8¢ §'7 0°8LI 9691 T°L11 €-81-d
g 1e 2% 0°¢ €°9LT 67291 vobl Z2-81-¥
L1e L1 077 2°2LT 8851 L'6T1 11r° 0s 0% R 1-81-4
662 €1 0°¢g L°861 PrLLT T1°€21 $-01-¥
¥ '9¢ T°L ‘R4 L°'981 S 691 0°¢el €-01-¥9
Qe 1'9 0°¢ T°L81 8691 8°0¢1 Z2-01-3
0°1¢ 2°'€ s'¢ 9°L61 2°9L1 6°%21 8eT 29 . 0°¢s aTIsusy 1-01-¥9
001 0°8 } ‘Bay
0°L s1-4d
06 001 sanjoea g L-¥
8°0¢ 82 0°¢ b°661 e L P21 A €-11-¥
i Ar4d 1°2 §°C 6°€61 6°8LT 8921 Z2-11-9
vze 6°0 ST L¢e8l 9°8LI L9¢T a4 00T 0°6 I-11-4
1°1¢ 6°2 0°¢ £°6L1 66461 €111 4 ¥-8-9d “
6°82 Z°9 s'¢e S 6LT G851 0°LTT €-8-¥ H
L 67 4 0°¢ LLLY 8°861 PoETl . Z2-8-d
0°0¢ 6°¢€ 0°¢ 8 '1LT 0°5s1 S611 8¢T” 99 0°'S aTrsus 1-8-¥
001 06 80000° aanjoelqy €-4d
g-01 x 1sd eo1y 18y 15y 1Sy 2 ‘xR JO 9 2 ur -Suoryg 9 J9s/utr/ut
fitonisery j0 L2 ut yi18uamig yi8usaig LW urelis 1eayg ureIlg ureaig a1ey adA7, ‘ON
Jo ‘PO ‘d "pay Y, ‘Buory 9 ajewIti(n PI®TX %Z°0 ‘doag Teipsye1d0 1enioy paanses uteIIS uawroadg uawiroadg
sanjaadord [EOTURYDIIWN suorjrpuon) Surureissig

(PoPToM) 1% H\NZHM

SNAWIDAJAS AANIVYELS ATIVIXVIE A0 STILYIJOUd TVIINVHOIW ANV VIVA NIVYLS

IXX dT149vVyL




850 $9°0 686 0°1L1 0°26T 050" AUOD erxerun *
1970 6L°0 6601 1°€91 6°8¢€1 -- -- -- poplom
8L 0 180 091 0°202 G681 00¢ “AnoD) rerxerun 4 1% INIY
68°0 L0°1 A At €691 poLel -- -- -- pepramuy)
S1°1 61°1 87991 9121 0°€21 -- -- -- PoPToM
P11 SI'T ¢'G661 8°9¢1 1°6eT 290" *AuOD terxerun » NAINV.LIIL
| ugs "7~V
61°1 12°1 L7151 $Lz1 07521 -- -- -- pepiamun
5£°0 L£0 1°s2 0°zL L°L9 062" *
2¢°0 570 0°€2 9°zL L9 8¢T" idxg
690 TR L°0S 7 €L 0°89 051"
08°0 680 ¥ 86 £EL S 89 $80° rerxerg WONINANTY
L81-6T22
82°0 0€°0 0°02 z°2L %99 050" cau0D [erxEIUn
LL70 96°0 1°ss 9°T: c'Lg “- -- -- pepremun
0% "0 L0 €Lz 619 €3¢ ose’ } )
$5°0 £€9°0 gse £°99 L°95 8e1 " -dxg
88°0 Z0°T 966 ¥°L9 ¥'8g €87 )
26°0 90°1 L19 899 1°85 761" teyxerg WANTNATY
- - - - - LEL-6T22
oL0 LL*O 6 b 6°€9 8§ 001" ‘AuoD rerxerun
88°0 L1l L€ 0°19 6 '5H -- -- -- pepromun
& & sy 18y 83 2 sred ureals pepromupn
onyey Yiduailg onpey Yidusiig y18uaiig wduwsiig yi1dua1ig uteJglg IedYs ure1sis jo 10 1e1123eN
o1RWR-YSION | PIPTA-UDION 030N s1PWnITN PTSTX %Z 0 [eIpoYEId0 3po pePIoM

SOIILVY HIONAYLS HDOION

IIXX a3714vl

46




e 0¥y # ) 6-81-9
L6% SLY 96% ger " 0°g ‘dxg §-0T-¥
P2 0°6 S-11-¥
£8% L0S 18% e 06 11-9
89% 56¥ 6€% SET” 0's terxerg 5-8-4
€6€ £ X472 290" $°'% + PIPToM Wy I ANTYH
115 " osse” €8z -auop terxerun pepramup L1y
€8¢ T3 134 4 PaPIoM 15¥
55% suoN papramun 059
5pe £0¢ 62 820" 01 } ) 1-62-1
L¥E 182 6L2 0 0°0 ‘dxg I-11-1
0 . 00 6-6-1
662 G52 99z 0 00 Terxerg S-1-1
Z1¢ 692 592 z80" 09 ] i PoPTOM 0bL WOINVIIL
00¢ Z01° 5°L *AuoD Terxerun papramuq 011 ugg 2 -1v's
£2¢ L0€ L2 f PaPI2 M SSL
992 suoN popramup) $SL
o€t 8€1" 0°s $-€-L8
0Lz" 00T 1 §-6-18
821 oLz’ 0°0T1 ‘dxg p-5-L8
071 $80° 0°€ y $-0T-L8
S91° 0°9 G-11-L8 No.
$z1 TIN 0°9 Terxerg ] F=11-L8 NONINOTY
121 2L0° z°s TauoD Terxerun PapTaMun LBV 18L-6122
-- - 611 L8V
98V
8¢ 8L 66 PePIo M S8V
$21 suoN papiemup ¥8Y
orT 8¢T1” 0°s J P-p-L¢
0Lz 0°0T §-9-LE
€11 oLz* 0°01 ‘dxg v-9-L¢
901 z61" 0L ) P-€1-L€
€82° G501 S-11-L€ WANINATY
L1t €87 G0t Terxerg P-11-LE LELT6TZZ
L6 SIT® s’ *auoy Terxetun LITY
26 suoyy papramuy BZIV
T ZVH juareq R w2 ut *Buotd 9
urelig 1esyg ureiig a1ey uteIig paptremun *ON
1aquuiny ssouprey doouyy TeIpaYeIDN paansea urexis Jjo °@poN 10 uasurdadg TelIajeN
SSIUPIBYOISTN suorpuon Sutureryssag POPTOM

SISATVNVY TVYNLDINYISOUDIN Y04 SNIWIDIALS A0 SSANTUYVHOUDIW ANV VIVA NIVYLS

IIIXX JTdvVl




TABLE XXIV

X-RAY DIFFRACTION DATA

Specimen Test Lattice Parameter Half-Height
Material No. Condition ) Width
A o
Al28 Control 4,0376 0.84
All7 Uniaxial 4.0378 0.95
2219-T37 8.5%
A M
LUMINU 37-11-5 Biax, Conv. 4,0357 0.92
10, 5%
37-6-5 Biax. Expl. 4.0424 0.99
10%
A84 Unwelded 4.0468 0.92
Control
A87 Welded 4.0433 0.73
2219-T87 . Control
ALUMINUM
87-11-5 Biax. Conv. 4, 0468 1.01
6%
87-5-5 Biax, Expl. 4,0485 0.94
10%
c a
T54 Unwelded 4.6912 2.9328 .45
Control
T55 Welded 4.6996 , 2.9231 .30
5Al-2. 55Sn Control ’
TITANIUM
T10 Upnwelded Uniax. 4.6912 2.9433 -
7.5%
T40 Welded Uniax. 4.7012 2.9225 .30
6%
T-5-5 Welded Biax. 4.6842 2.9421 .32
0 N
R50 Unwelded 3.6014 0. 66
Control
R51 Welded 3.6025 0.94
Control
, R41 Welded 3.6011 0.84
RENE 41 Uniax. Conv.
4,5%
R-11-5 Welded 3.6003 0.70
Biax., Conv.
9%
R-18-5 Welded 3.6017 0.98
Biax. Expl.
4%
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FIGURE 9.
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FIGURE 10.
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FIGURE 11.

2219 ALUMINUM ALLOY AT FRACTURE
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FIGURE 12.
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DOME NO, 87-17, EXPLOSIVELY FORMED
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FIGURE 48.

5A1-2.55Sn TITANIUM ALLOY UNSTRAINED
(Specimen T55)
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FIGURE 50,
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FIGURE 59,

100X
Vd
RENE 41 UNSTRAINED
(A) PARENT METAL (Specimen R50)
(B) PARENT METAL, HEAT-AFFECTED
ZONE, AND WELD DEPOSIT OF
HASTALLOY W. (Specimen R51)

HCl + HNO3 + H,O ETCH
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FIGURE 60,
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B

RENE 41 BIAXIALLY STRAINED AT CONVENTIONAL

STRAIN RATE

(A) PARENT METAL (Top), HEAT-AFFECTED
ZONE (Center), and HASTALLOY W WELD
METAL (Bottom).
5% ELONGATION. (Specimen R-8-5)

(B) PARENT METAL CENTER WITH HEAT-
AFFECTED ZONE AND HASTALLOY W WELD
METAL. 9% ELONGATION (Specimen R-11-4)

HCl + HNO3 + H>0 ETCH

108




-
¥ e

FIGURE 61.
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FIGURE 62.

A
12,000X

B
12,000X

C

5,000X
RENE 41 UNSTRAINED (Specimen R-51)
(A) HEAT-AFFECTED ZONE
(B) WELD ZONE OF HASTALLOY W
(C) WELD ZONE OF HASTALLOY W

HCl + HNO3 + H,O ETCH
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